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Exchange of proteins at sorting endosomes is not
only critical to numerous signaling pathways but
also to receptor-mediated signaling and to pathogen
entry into cells; however, how this process is regu-
lated in synaptic vesicle cycling remains unexplored.
In this work, we present evidence that loss of func-
tion of a single neuronally expressed GTPase
activating protein (GAP), Skywalker (Sky) facilitates
endosomal trafficking of synaptic vesicles at
Drosophila neuromuscular junction boutons, chiefly
by controlling Rab35 GTPase activity. Analyses of
genetic interactions with the ESCRT machinery as
well as chimeric ubiquitinated synaptic vesicle
proteins indicate that endosomal trafficking facili-
tates the replacement of dysfunctional synaptic
vesicle components. Consequently, sky mutants
harbor a larger readily releasable pool of synaptic
vesicles and show a dramatic increase in basal
neurotransmitter release. Thus, the trafficking of
vesicles via endosomes uncovered using sky mu-
tants provides an elegant mechanism by which
neurons may regulate synaptic vesicle rejuvenation
and neurotransmitter release.INTRODUCTION
Many proteins involved in vesicle fusion and reformation at the
membrane have been characterized; however, the molecular
mechanisms that regulate vesicle trafficking within nerve termi-
nals are far less studied, and transport of synaptic vesicles via
endosomes remains debated (Hoopmann et al., 2010; Murthy
and Stevens, 1998).
In most cells, newly internalized transport vesicles are routed
to recycling endosomes where proteins are sorted for transportor internalized into multivesicular bodies (MVB) in an ESCRT-
dependent manner (Raiborg and Stenmark, 2009). For synaptic
vesicles, the relevance of such an intermediate step is unclear.
At nerve terminals, cisternae reminiscent of endosomes, form
upon intense neuronal stimulation, particularly in endocytic
mutants (Glyvuk et al., 2010; Heuser and Reese, 1973; Kaspro-
wicz et al., 2008; Koenig and Ikeda, 1996; Meunier et al.,
2010), however these structures can be directly filled with neuro-
transmitter, as upon spontaneous fusion, cisternae elicit large-
amplitude minis (Koh et al., 2004; Zhang et al., 1998). Cisternae
may thus not constitute bona fide endosomal sorting stations for
synaptic vesicle proteins. In further support, a membrane-bound
dye internalized during endocytosis in rat or goldfish neurons did
not become diluted while traveling within the synapse (Murthy
and Stevens, 1998; Zenisek et al., 2000) and intermixing of
synaptic vesicle content is minimal (Opazo et al., 2010). While
these data suggest themajority of synaptic vesicles do not traffic
via an intermediate step, some endosomal trafficking may
control use-dependent sorting of inactive proteins resident in
the vesicle cycle.
Intracellular vesicle trafficking events are regulated by Rab
GTPases (Zerial and McBride, 2001). However, only Rab3, 5
and 27 are implicated in the synaptic vesicle cycle (Mahoney
et al., 2006; Schluter et al., 2006; Wucherpfennig et al., 2003).
Rab GTPases cycle between a GDP-bound inactive and a
GTP-bound active state in which they bind effectors that control
trafficking events (Stenmark, 2009). Whereas Rabs harbor low
endogenous GTPase activity, this activity, and thus the pool of
active Rab-GTP, is controlled by specific GAPs (Stenmark,
2009). Despite their importance in regulating vesicle trafficking
in many cell types, a role for GAPs in the recycling of synaptic
vesicles remains enigmatic.
Here, we describe Skywalker, a neuronal GAP that activates
Rab35 GTPase activity. In sky mutants an excessive amount of
synaptic vesicles travel via sorting endosomes and this results
in a larger readily releasable synaptic vesicle pool (RRP) and a
dramatic increase in neurotransmitter release. Using genetic
interactionswith ESCRTcomplex components, involved in endo-
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Figure 1. Characterization of sky Mutants and Localization of Sky Protein
(A) Peculiar behavioral defects in L3 sky 2/d0; other allelic combinations show a similar phenotype.
(B) SKYmRNA levels in controls (FRT40A), in sky1/2, sky2/Df, sky1/d0 and in sky2/d0mutants. Tukey test: ***p < 0.0001. The error bars represent the SEM.Means are
averages of three experiments.
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of chimeric Ubiquitin-Synaptobrevin protein levels, our data
indicate that facilitation of endosomal trafficking in sky mutants
mediates the exchange of inactive, ubiquitinated, synaptic
vesicle proteins for functional ones, thus offering an elegant
mechanism by which neurons may regulate synaptic vesicle
protein rejuvenation.
RESULTS
Skywalker Encodes a Putative RabGAP that Is Required
in the Nervous System
In a genetic screen for defects in synaptic transmission in
Drosophila (Verstreken et al., 2009) we isolated two EMS-
induced mutants that when homozygous in the eye, show
defects in neuronal communication in the retina (Figure S1A,
available online). Homozygous sky1 mutants are embryonic
lethal, whereas sky2 or sky2/skyd0 (sky2/d0) die at a later stage.
However, in contrast to control larvae, mutants paralyze and
erect in the medium (Figure 1A), based on which we name this
complementation group skywalker (sky).
We mapped the gene encoding sky to CG9339. sky1 and sky2
are genetically linked to KG01136, a P element inserted in the
vicinity of CG9339 (Figure S1B). Both alleles also fail to comple-
ment deficiencies that uncover the CG9339 and 7 P elements
inserted in the gene (Figures S1C and S1D). Sequencing of
CG9339 reveals a C to T nucleotide transition in sky1 that would
result in an R543G mutation and quantitative RT-PCR on third
instar larvae (L3) indicates a dramatic loss of SKY RNA in all
skymutants tested (Figure 1B and Figures S1F and S1G). Hence,
sky mutants affect CG9339 expression, and based on the lethal
phase of homozygous and of heterozygous animals over a defi-
ciency, we suggest the following allelic series, consistent with
the quantitative RT-PCR data: sky1 = skyf06707 = skye01084 >
sky2 = skydo = skyc0055 > skyf02146 = skyf01467= sky f07070.
To determine if the sky induced phenotypes are caused solely
by loss of CG9339 we used the UAS/GAL4 system as well as
a genomic sky+ fragment generated using recombineering (Ven-
ken et al., 2006). First, we took advantage of the UAS sites in
the P element in skyd0 that allows expressing sky using GAL4
(Actin-Gal4). Unlike sky2/d0, sky2/d0 with Actin-Gal4 survive and
are not uncoordinated. Also expressing Sky in sky mutants
with a UAS-sky construct and nSyb-Gal4 or using a genomic
sky+ fragment both rescue lethality and sky associated pheno-
types (Figure 1C, Figure S1H, and see below). Thus, the sky
mutants are loss-of-function alleles that specifically affect
CG9339.
sky encodes a protein with a predicted size of 65-68 kDa and
all isoforms harbor a TBC and a TLDc domain, commonly found(C) Lethality of sky mutants and rescue using neuronal nSyb-GAL4 (nSyb>) or m
rescue using the genomic rescue constructs sky+ andGFP-sky+. E, embryonic let
flies emerge but they are severely uncoordinated; +, rescue of lethality; , no re
(D) Schematic of Sky protein structure (PA isoform). Identity/similarity to the TBC
(E) GFP-Sky (magenta) at the L3 ventral nerve cord labeled with the synaptic ma
(F and G) Immunolabeling of L3 ventral nerve cords with anti-Sky (magenta) and
(H–M) GFP-Sky at L3 NMJs labeled with anti-DLG, a pre- and postsynaptic marke
vesicle marker (J and M); antibody label is also marked by red outlines in K, L, an
(K)–(M), the scale bar represents 5 mm.
See also Figure S1 and Table S2.in GAPs (Stenmark, 2009). BLAST reveals a well conserved
Sky homologue in human: KIAA1171 (TBC1D24) (Figure 1D)
and althoughSky orthologues have not been extensively studied,
the C. elegans homologue C31H2.1 was identified in an RNAi
screen for genes implicated in synaptic function (Sieburth et al.,
2005). These observations underscore a potential function for
Sky in vesicle trafficking and neuronal communication.
To study the protein expression pattern and subcellular local-
ization of Sky we created a genomic EGFP-tagged construct
(GFP-Sky+) (Figure S1E) (Venken et al., 2008). The presence of
this construct rescues sky related phenotypes (Figure 1C and
data not shown), indicating that GFP-Sky is functional. We find
GFP-Sky enriched at synaptic areas in the ventral nerve cord
(VNC) of third instar larvae (L3) (Figure 1E). We also observe
abundant labeling at neuromuscular junction (NMJ) boutons
where Sky is present both pre- and postsynaptically (Fig-
ure 1H-M). Similarly, an antibody raised against full length
HIS-Sky also labels the VNC neuropile (Figure 1F) and NMJ bou-
tons, and this staining is strongly reduced in sky hypomorphic
mutants (more than 2-fold), indicating the labeling is specific
(Figure 1G). Our data indicate that Sky is widely expressed and
is abundantly present in the nervous system and at synapses.
To determine if Sky is required in the nervous system, we ex-
pressed normal Sky in neurons (nSyb-GAL4) of sky mutants.
While sky1/d0 hypomorphic mutants die, sky1/d0 with nSyb-
GAL4 survive and inflate their wings. In contrast, Sky expression
in muscles of sky1/d0 animals (BG57-GAL4) does not rescue
lethality. Also more severe sky mutants (sky1/Df) that express
Sky in the nervous system (nSyb-GAL4) using UAS-sky, survive
and appear similar to controls (Figure 1C, Figure S1H, and see
below). These data indicate a critical role for Sky in the nervous
system and also at the presynaptic side of the NMJ.
Sky Mediates Vesicle Recycling in Neurons
To test for functional defects in sky motor neurons we used FM
1-43 at L3 NMJs (Ramaswami et al., 1994). FM 1-43 fluores-
cently labels newly endocytosed membranes in a stimulation
dependent manner (Figure 2A). Similar to controls, sky mutant
boutons show abundant fluorescent labeling following stimula-
tion, indicating membrane internalization per se is not impaired
(Figures 2A and 2B). However, while in controls FM 1-43 orga-
nizes in a doughnut-like pattern, in sky mutants the dye consis-
tently concentrates in sub-boutonic structures (Figures 2A and
2C). Interestingly, during a second stimulation, FM 1-43 is
released, indicating that in sky mutants, synaptic membrane
cycles to and from these sub-boutonic structures (Figure 2B).
The mislocalization of dye in sky mutants is specific, as expres-
sion of Sky in neurons, or addition of a genomic sky+ constructuscular BG57-GAL4 (BG57>) expression in skyd0 or using UAS-sky as well as
hal; L1, first instar lethal; P, pupal lethal; PA, pharate adult lethal; Unc, few adult
scue of lethality; ND, not defined.
and TLDc domains of the human and nematode homologues is shown.
rker DLG (green).
DLG (green) in controls (FRT40A) and sky2/d0.
r (H, K); anti-Dynamin, a presynaptic marker (I and L) and anti-nSyb, a synaptic
d M. The scale bar in (E) represents 20 mm; and in (H), for (H)–(J), and in (K), for
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rescues the defect (Figure 2C). Furthermore, the trafficking
defects are not caused by major morphological changes at sky
NMJ synapses (Table S1). Hence, our data suggest that Sky
regulates vesicle traffic at L3 synaptic boutons in a cell autono-
mous manner.
To further scrutinize membrane trafficking defects in sky
mutants we studied the ultrastructure of L3 NMJ boutons
following 1 min 90 mM KCl stimulation using transmission elec-
tron microscopy (TEM) (Figures 2D–2N). Whereas several
features are not different between controls and skymutants (Fig-
ure 2G–2I), in sky mutants, we find an accumulation of large
cisternal-like structures and a concomitant decrease in synaptic
vesicle density (Figures 2J–2L). Also using electron tomography
on 200–300 nm thick sections from stimulated sky mutant bou-
tons we find an obvious accumulation of cisternal-like structures
(Figures 2M and 2N, Movie S1, and Movie S2). To determine if
these cisternal-like structures take part in the synaptic vesicle
cycle, we stimulated sky mutant synapses for 1 min in 90 mM
KCl in the presence of FM 1-43 and used its fluorescence to
convert diaminobenzidine (DAB) into an electron dense precipi-
tate detectable by TEM (Akbergenova and Bykhovskaia, 2009;
Harata et al., 2001; Schikorski and Stevens, 2001) (Figure 2F
and Figures S2A–S2F). In sky mutants several small synaptic
vesicles (small arrowheads) but also numerous cisternal
membranes (large arrowheads) contain DAB precipitates, indi-
cating that in sky mutants synaptic membranes cycle via
cisternal-like structures.
Synaptic Membrane Trafficking in sky Mutants
Next, we performed different experiments to test if the cisternal-
like structures in stimulated skymutants form by bulk membrane
retrieval (Figure S2G-M). First, we used a low frequency stimula-
tion paradigm that does not induce bulk retrieval (Ceccarelli,
1973) (Figure S2G). However, in sky mutants FM 1-43 dye still
distributes in sub-boutonic structures (Figures S2H and S2I).
Second, we incubated sky mutant NMJs with 10 kDa dextran-
rhodamine, a marker for bulk retrieval (Clayton and Cousin,
2009) but did not observe more dye uptake in sky mutants
compared to controls (Figures S2J and S2K). Finally, we
analyzed the synaptic membrane in TEM images and electron
tomograms of stimulated sky mutants but did not find evidence
of an increased number of plasma-membrane-associated struc-
tures (omega shapes) in the process of bulk retrieval (Figures 2D,
2E, 2M, and 2N and Figures S2L and S2M). Thus, we were not
able to obtain evidence for increased bulk endocytosis in sky
mutants.Figure 2. sky Mutant NMJs Accumulate Cisternal-like Structures
(A–C) FM 1-43 dye uptake following 1 min of 90 mM KCl stimulation (A) and unlo
mutants that express wild-type Sky. Mean boutonic FM1-43 labeling relative load
(C). The scale bar in (A) represents 5 mm. Error bars represent the SEM. nR 10.
(D and E) TEM of 1 min 90 mM KCl stimulated control (D) and sky2/d0 mutant (E)
(F) TEM of sky2/d0 NMJ boutons loaded with FM 1-43 using 1 min 90 mM KCl a
arrowheads; cisternal-like structures: large arrowheads. The scale bar for (D)–(F)
(G–L) Quantification of synaptic features in TEM images of control and sky2/d0 m
3–5 animals per genotype. t test: ns, not significant, *p < 0.05, ***p < 0.001. Erro
(M and N) Surface rendered electron tomography models on 200-300 nm section
profiles: green; lysosomes: black; cisternal profiles with late endosomal feature
attached to the membrane. See also Movie S1, Movie S2, Figure S2, and TableTo determine if the cisternal-like structures in sky mutants
can fuse directly with the membrane, we recorded miniature
excitatory junctional currents (mEJCs) from unstimulated and
KCl-stimulated synapses. An increase in mEJC amplitude may
be caused by the fusion of larger vesicles that contain more
neurotransmitter or by a larger glutamate receptor field;
however, glutamate receptor clusters are similarly sized in
controls and sky mutants (Table S1). mEJC amplitude distribu-
tion in unstimulated sky and control or in stimulated sky and
control synapses does not show a difference (Figures 3A and
3B). Given that neurotransmitters are thought to be efficiently
loaded into synaptic vesicles (Daniels et al., 2006), the data
suggest that only vesicles comparable in size to those found in
control boutons fuse in sky mutants; however a defect in trans-
mitter loading cannot be formally excluded.
We reasoned that if synaptic vesicles travel via cisternal-like
structures in sky mutants, such organelles may form transiently
upon stimulation. We therefore performed TEM on control and
sky mutant boutons before, immediately following, and 1 hr after
1 min 90 mM KCl stimulation (Figures 3C–3H) and quantified
several features (Figures 3I–3P). While unstimulated control and
sky mutant synapses show very similar vesicle size distributions
and density, we find a dramatic accumulation of cisternal-like
membranes at the expense of synaptic vesicles and these
cisternal-like profiles dissipate upon rest (Figures 3I–3K, 3O, and
3P). Furthermore, cisternal-likestructuresdonotaccrue toa larger
extend at active zones in sky mutants compared to controls
(Figures 3L–3N), further suggesting that cisternal-like structures
in skymutants do not directly participate in transmitter release.
The transient nature of the cisternal-like structures in sky
mutants suggests synaptic vesicles may form or fuse at these
sites and we examined cisternae in stimulated skymutants using
TEM and electron tomography. We find numerous cisternal-like
membranes with small synaptic vesicles attached that appear to
be fusing or leaving (arrowheads, Figures 3Q–3S). Thus, the data
suggest cisternal-like structures in skymutants are intermediate
stations that form as a result of neuronal stimulation.
Synaptic Vesicles Cycle through Sorting Endosomes
in sky Mutants
To characterize the molecular nature of the cisternal-like struc-
tures in skymutants, we labeled control and skymutant boutons
that express GFP-tagged endosomal markers with FM 1-43. We
used 2xFYVE-GFP or Rab5-GFP, as markers of sorting endo-
somes, and Rab4-GFP, to mark recycling endosomes (Dyer
et al., 2007; Wucherpfennig et al., 2003). In contrast to controls,ading following 5 min of KCl stimulation in controls (FRT40A), sky mutants and
ing in controls (B) and the number of accumulations observed per boutonic area
t test: **p < 0.01; ns, not significant.
boutons.
nd then processed for photoconversion of DAB. DAB labeled vesicles: small
(in [F]) represents 500 nm.
utants. T-bars are synaptic vesicle (sv) release sites. n > 23 bouton profiles of
r bars represent the SEM.
s of control (FRT40A) and sky2/d0 mutants. Plasma membrane: blue; vesicular
s (e.g. MVB): yellow. Note that vesicular/cisternal profiles are not excessively
S1.
Cell 145, 117–132, April 1, 2011 ª2011 Elsevier Inc. 121
Figure 3. Cisternal-like Structures in sky Mutants Form in a Stimulation-Dependent Fashion
(A and B) Average mEJC amplitude, mEJC data traces and cumulative mEJC amplitude probability histograms of controls (FRT40A) and sky mutants without
stimulation (A) and directly following 1 min 90 mM KCl stimulation (B). t test: ns, not significant; error bars represent the SEM; n, tested animals.
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2xFYVE-GFP and FM 1-43 or Rab5-GFP and FM 1-43 exten-
sively colocalize in sky mutant boutons. (Figures 4A–4D, 4G,
and 4H and Figures S3A and S3B). We also find increased
colocalization between Rab4-GFP and FM 1-43 internalized in
sky mutants, but the overlap is less pronounced than with
2xFYVE-GFP or Rab5-GFP (Figures 4E, 4F, and 4I). The colocal-
ization between FM 1-43 and endosomal markers in sky is
specific, because when we use chlorpromazine to induce the
internalization of large FM 1-43-labeled membrane sheets
(Kasprowicz et al., 2008), we cannot find appreciable overlap
between FM 1-43 and 2xFYVE-GFP or Rab5-GFP (Figures
S3C–S3F). Our data provide evidence that the sub-boutonic
structures in stimulated sky mutants are sorting endosomes.
Next, we tested if the enlarged endosomes in 1 min KCl-stim-
ulated sky mutants harbor synaptic vesicle markers. While in
stimulated controls, the vesicle pool labeled by anti-CSP, anti-
SytI, anti-VGlut, or anti-nSyb distributes in a doughnut-like
pattern, in stimulated sky mutants we observe sub-boutonic
accumulations that often colocalize with 2xFYVE-GFP (Figures
4J–4V and Figures S3G–S3R). Interestingly, prior to stimulation,
SytI distribution in skymutants andcontrols does not concentrate
at 2xFYVE endosomes (Figure 4L); only following KCl stimulation
in skymutants, SytI accumulates at endosomes that often coloc-
alize with 2xFYVE-GFP (Figures 4L, 4N, and 4S–4V). Following
stimulation the SytI accumulations in sky mutants gradually
decline to return the pattern seen in controls (Figures 4L and
4W–4Z). Our results suggest that upon stimulation of skymutant
synapses, excessive amounts of newly internalized synaptic
vesicle membrane travel via endosomal compartments.
Sky Is a Rab35 GAP
Skywalker harbors a TBC domain commonly found in GAPs that
converts Rab-GTP to Rab-GDP. In sky mutants we expect the
pool of Rab-GTP to be increased. To identify potential Sky
substrates relevant to vesicle traffickingwe neuronally expressed
31constitutiveactiveRabs (Zhanget al., 2007) and tested forphe-
nocopy of the stimulation dependent defect in FM1-43 dye distri-
bution seen in skymutants (Figure 5A and Figure S4A). Neuronal
expression of constitutive active (CA) Rab5-YFP, Rab23-YFP or
Rab35-YFP leads to an accumulation of FM 1-43 in sub-boutonic
structures and the dye can be unloaded upon a next round of
stimulation (Figure 5A and Figure S4A). Visualization of YFP
fluorescence indicates that these CA Rabs concentrate at the
neuropile of L3 larval brains (Figure S4B). Thus, expression of
Rab5CA, 23CA, or 35CA results in synaptic membrane trafficking
defects similar to those observed in skymutants.
To test Sky substrate specificity in vitro, we determined the
GTP hydrolysis efficiency of purified Rab5, Rab23, and Rab35(C-H) TEM time-course of control (FRT40A) (C–E) and sky2/d0mutant (F–H) boutons
KCl), (D and G) and fixed 1 hr after stimulation (E and H). Scale bar in (H) represe
(I–N) Histograms of vesicle size reported as percent of total vesicular profiles (>79
(<200 nm) to T-bars (L–N), of the preparations shown in (C)–(H). Insets in (L)–(N): T-b
diameter cisternal profiles do not accumulate at T-bars.
(O–P) Quantification of vesicle density with a diameter larger (O) and smaller tha
animals per genotype. Error bars represent the SEM. t test: *p < 0.05, ***p < 0.00
(Q–S) TEM (Q and R) and electron tomography surface rendering (S) of 1 min 90 m
40 nm vesicle profiles directly attached (arrowheads). Scale bar in (R) represenwith and without adding full length purified Sky. First, bacterially
expressed Drosophila GST-Rab5, GST-Rab23 and GST-Rab35
were loaded with GTP. We then measured intrinsic GTP hydro-
lysis activity of these Rabs by following inorganic phosphate
production using a coupled enzymatic assay (Pan et al., 2006)
and find the Rabs are functional (Figure 5B, ‘‘0’’). Next, adding
full length bacterially expressed HIS-Sky to GTP-loaded Rab35
facilitates inorganic phosphate production more effectively
than when added to Rab5-GTP and Rab23-GTP (Figure 5B
and data not shown). Fitting the data to a Michaelis-Menten
kinetic model (Figure 5B, black curves) yields an average
kcat/Km for Rab35-Sky of 121.3 ± 12.9 M
-1s-1 while the kcat/Km
for Rab5-Sky is 53.8 ± 5.7 M-1s-1 and for Rab23-Sky is 88.7 ±
3.1 M-1s-1. Thus, without excluding other possible substrates
as well, our data suggest that Sky most efficiently facilitates
Rab35 mediated GTP hydrolysis in vitro.
To extend these findings in vivo, we performed genetic inter-
actions analyses. We did not pursue experiments with Rab23
as expression of Rab23CA does not phenocopy sky neurotrans-
mitter release defects (see below). First, we neuronally ex-
pressed Rab5-GDP (Rab5DN) and Rab35-GDP (Rab35DN) and
determined if this rescues sky phenotypes. While neuronal
expression of Rab35DN or Rab5DN in controls does not affect
lethality, in sky mutants Rab35DN significantly improves survival
to the L3 stage, and some sky mutant animals now eclose as
uncoordinated adults (Figure 5C). In contrast, expression of
Rab5DN strongly exacerbates sky lethality and they now die early
as first instar larvae (Figure 5C). Expression of Rab35DN in sky
mutants also significantly rescues the cellular phenotypes
including FM 1-43 dye and SytI distribution (Figure 5D–5H and
5O, see below). Second, we created skymutant animals hetero-
zygous for rab35 or rab5 and assessed FM 1-43 distribution
following stimulation (Figure 5D and 5I–5N). Heterozygous
rab35 or rab5 show normal FM 1-43 dye labeling following
1 min 90 mM KCl stimulation and removing a single copy of
rab5 in sky mutants does not alter FM 1-43 dye distribution
seen in sky mutants (Figures 5D and 5N). However, removing
a single copy of rab35 in sky mutants significantly rescues sky-
associated defects in FM 1-43 distribution. Also heterozygosity
for an independent rab35 allele rescues sky induced FM 1-43
distribution defects (Figures 5D and 5I–5L). Taken together,
these results suggest that in vivo, Sky mainly activates Rab35,
but not Rab5, to regulate endosomal traffic of synaptic vesicles.
Further corroborating this notion, double labeling of HRP and
Sky-GFP with antibodies specific to Rab35 (data not shown)
indicates abundant Rab35 synaptically at the ventral nerve
cord (data not shown) as well as at NMJ boutons (Figure 5P)
where it largely overlaps with GFP-Sky labeling (Figure 5Q)., prior to stimulation (C and F), fixed immediately after stimulation (1min 90mM
nts 500 nm.
9 in [I]–[K]; >118 in [L]–[N]) binned per 10 nm (I–K), or of vesicular profiles close
ars and associated vesicles; scale bar in (N) represents 200 nm.Note that large
n 80 nm (P) of the preparations shown in (C)–(H). n >17 bouton profiles of 3–5
1.
M KCl stimulated sky2/d0 boutons indicating cisternal-like structures with small
ts 100 nm.
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SkyMutants Show Increased Neurotransmitter Release
To determine if skymutations affect neurotransmitter release, we
recorded excitatory junctional potentials (EJPs) elicited at 1 Hz.
EJP amplitudes are increased in mutants when compared to
controls over a range of Ca2+ concentrations (0.3–1 mM), but
saturate above 2 mM Ca2+ (Figures 6A and 6B, data not shown).
We also find that this increased neurotransmission in sky
mutants does not result in quicker synaptic depression during
trains of repetitive stimulation (Figure S5). Hence, sky mutations
result in increased transmitter release but harbor a normal
calcium dependence of release.
To estimate junctional quantal content we measured EJCs in
voltage clamp. In sky mutants, EJCs recorded in 0.5 mM Ca2+
are increased and this is rescued in larvae expressing wild-
type Sky (Figures 6C and 6D). Consequently, we find the quantal
content (EJC/mEJC) to be nearly doubled in sky mutants com-
pared controls (Figure 6E). Also, increased endosomal traffic
upon neuronal expression of Rab5CA and Rab35CA, but not
Rab23CA, results in a more than 2-fold increase in EJC amplitude
and in quantal content (mEJCs are not different from control; Fig-
ures 6F and 6G). Hence, membrane trafficking via synaptic
endosomal compartments facilitates neurotransmitter release.
To test if Rab35-mediated traffic via endosomes is limiting for
neurotransmitter release we quantified quantal content upon
expression of Rab35DN. EJC amplitudes and quantal content in
Rab35DN expressing animals are reduced to 74% of control
amplitudes (Figures 6F and 6G; mEJC amplitudes are not
affected). Similarly, expression of Rab35DN in sky restores the
increased quantal content measured in sky mutants. Thus,
Rab35 activity is a critical regulator of neurotransmitter release.
The Readily Releasable Pool of Vesicles Is Enlarged
in sky Mutants
Given that skymutants show a normal density of release sites at
synaptic boutons, (Figure 2I and Table S1), increased neuro-
transmission may arise from a larger functional vesicle pool. To
determine the number of releasable vesicles (quanta) in sky
mutant and control synapses we blocked new vesicle formation
using the temperature sensitive shits1 mutation and measured
the total number of quanta that is released during depletion
of the vesicle pool. However, we do not find a significant
difference in the total quanta released between shits; sky2/d0
(109253 ± 15515 quanta) and shits1 controls (90967 ± 6325
quanta; t test: p > 0.3). Thus the size of the functional vesicle
pool in sky mutants is comparable to controls.Figure 4. Sky Facilitates Cycling of Synaptic Vesicles via an Endosom
(A–I) 1 min of 90 mM KCl FM 1-43 (magenta) loading in UAS-EGFP-myc-2xFYVE/
in UAS-GFP-Rab5/+; nSyb-GAL4/+ and sky1/2, UAS-GFP-Rab5; nSyb-GAL4/+
nSyb-GAL4 (E and F). GFP, green; arrows in (A)–(F) locate GFP spots. Quantificati
(I) indicated as [FM 1-43 area that colocalizes with GFP / FM 1-43 area]. t test: **p
animals per genotype.
(J–Z) Immunolabeling of control, sky and sky; sky+/+ NMJs with synaptic vesicle
following stimulation (1 min 90 mM KCl, 00) and after various rest periods followin
observed with anti-CSP or with anti-SytI (J–L). Quantification of synaptic vesicle
(M and N) and immunolabeling with anti-CSP (O–R) and anti-SytI (S–Z) in UAS-E
GAL4/+ and in sky1/2; sky+/+ (see also Figure S3). Labeling in unstimulated contro
and **p < 0.01; error bars represent the SEM. nR 5 animals per genotype. Scal
See also Figure S3.While performing experiments with shits1; sky we noticed that
the half maximum EJC amplitude during depletion recurrently
occurred later in sky mutants than in controls (shits1; sky2/d0:
70.7 ± 20.9 s versus shits1: 47.6 ± 8.1 s). This observation
suggests that in sky mutants a larger proportion of the vesicle
pool is readily available for release during a 10 Hz depletion
paradigm, we therefore independently determined the size of
the RRP. First, we used a short 100 Hz stimulation train leading
to a near complete depression of EJCs after 150 ms (15 stimuli),
representing depletion of theRRP (Figure 6H). Remaining release
following this initial depression is caused by RRP refilling (Rose-
nmund and Stevens, 1997). Stimulation of sky mutants
and controls at 100Hz in 5mMCa2+ shows consistent facilitation
of EJC amplitudes not observed in controls (Figures 6H and 6I). In
addition, following initial depletion, EJCs within the 400 ms
stimulation paradigm in sky mutants remain larger compared
to controls (Figures 6H and 6I), indicating increased RRP size
and refilling rate in sky mutants. These parameters can also be
deduced from plots of the cumulative released number of quanta
over time (Figure 6I). RRP size control: 2108 ± 188 quanta;
sky: 3142 ± 238 quanta, t test: p < 0.05; refilling rate control:
3679 ± 1302 quanta/s; sky: 8239 ± 1269 quanta/s, t test: p < 0.05.
To determine if facilitation during a 100 Hz stimulation train
is caused by increased Ca2+ influx in sky mutants we used
G-CaMP imaging. However, fluorescence intensity changes in
controls and in sky mutants during a 200 ms, 400 ms, or 1 s at
100 Hz stimulation train are very similar, indicating that Ca2+
influx in the mutants is not affected under the conditions tested
(Figure 6J, Movie S3, and Movie S4). We also tested RRP size
independently of external Ca2+ and puffed hypertonic sucrose
over the NMJ while recording the charge transfer (Rosenmund
and Stevens, 1997). Sky mutants show a 2.4-fold increase in
charge transfer within the first minute of sucrose application
and also during the steady state of release (70–90 s) the charge
transfer in sky mutants is increased compared to controls, sug-
gesting more efficient refilling and recycling of RRP vesicles in
sky mutants (Figures 6K–6M).
Increased ESCRT-Mediated Protein Sorting
in sky Mutants
Membrane trafficking via endosomal-like compartments may
facilitate the exchange of synaptic vesicle proteins, thus
promoting vesicle function. The ESCRT complexes, consisting
of ESCRT 0-III (Raiborg and Stenmark, 2009), control
endosome-to-lysosome traffic of ubiquitinated proteins destinedal Compartment
+; nSyb-GAL4/+ and sky1/2, UAS-EGFP-myc-2xFYVE; nSyb-GAL4/+ (A and B);
(C and D) and in UAS-EGFP-Rab4/nSyb-GAL4 and sky1/2; UAS-EGFP-Rab4/
on of FM 1-43 colocalizing with 2xFYVE-GFP (G), Rab5-GFP (H) and Rab4-GFP
< 0.01; error bars represent the SEM. Scale bar in (A) represents 5 mm. nR 10
markers (CSP and Syt) of samples fixed prior to stimulation (US), immediately
g stimulation (50-600). Quantification of the number of boutonic accumulations
marker area that colocalizes with FYVE-GFP / synaptic vesicle marker area
GFP-myc-2xFYVE/+; nSyb-GAL4/+, in sky1/2 UAS-EGFP-myc-2xFYVE; nSyb-
ls is not different from sky1/2 (data not shown). t test: ns, not significant; p < 0.05
e bar in (O) represents 5 mm.
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for degradation; however, a role in clearing dysfunctional synaptic
vesicle components remains elusive. To determine if increased
transmitter release in sky mutants is facilitated by ESCRT-medi-
ated sorting, we removed a single copy of hrs, a member of
ESCRT 0, in sky mutants and monitored EJC amplitude in
0.5 mM external Ca2+ and FM 1-43 dye distribution following
KCl stimulation. Compared to controls, heterozygosity for hrs
does not affect neurotransmitter release, nor FM 1-43 dye uptake
ordistribution (Figures7A–7C).However,whileFM1-43dyeaccu-
mulates in endosomal structures in sky mutants as well as in sky
mutants heterozygous for hrs (Figures 7B–7D), removing a copy
of hrs in sky mutants significantly rescues the increased EJC
amplitude (Figure 7A).We also created skymutants heterozygous
for additional ESCRT components, including vps23, vps25, and
vps32, members of ESCRTI, II, or III respectively. Heterozygous
ESCRT mutants show normal EJC amplitudes, normal FM 1-43
loading and distribution (Figure 7A–7C); however, while FM 1-43
dye travels via endosomal-like structures in skymutants heterozy-
gous for the ESCRT genes (Figures 7B and 7D), this manipulation
results in a significant suppression of the increased neurotrans-
mitter release seen in skymutants (Figure 7A). Thus, ESCRTmedi-
ated endo-lysosomal sorting facilitates the increased synaptic
transmission we observe in skymutants.
To test if endosomal protein sorting is a prominent feature in
skymutants, we determined if proteins destined for degradation
are more effectively cleared upon loss of sky function. We there-
fore generated an artificial ESCRT cargo by constructing
a chimeric synaptic vesicle protein, Synaptobrevin (nSyb), fused
at its cytoplasmatic tail to Ubiquitin and at its lumenal side to HA
(Ub-nSybHA). We also created ‘‘control nSyb’’ (nSybHA) and
inserted both constructs at the same genomic location, ensuring
identical expression levels. Neuronal expression of Ub-nSybHA
or of nSybHA does not affect NMJ morphology or FM 1-43 dye
uptake, indicating expression of the constructs does not cause
major deleterious effects to the synapse (Figures S6A and S6B
and Table S1). In addition, several assays indicate nSybHA is
synaptic vesicle associated (Figures S6C–S6F). We subse-
quently expressed Ub-nSybHA or nSybHA in neurons of control
and sky mutant animals and labeled them with anti-HA anti-
bodies. As expected, boutonic levels of Ub-nSybHA in controls
aremuch lower compared to nSybHA levels, indicating clearance
of the ubiquitinated protein in wild-type boutons (Figures 7E,
7G, and 7J). Interestingly, in sky mutants, boutonic levels of
Ub-nSybHA are reduced even further compared to controlsFigure 5. Sky Is a Rab35 GAP
(A) FM 1-43 loading using 1 min 90 mM KCl at control L3 NMJs (nSyb-GAL4/+) an
represents 5mm.
(B) Time-course measurements of GTP hydrolysis for GST-Rab35 and different c
order Michaelis-Menten model function. Inset: kcat/Km ± SEM for GTP hydrolysi
(C)MeanL3survival ofsky2/Df; rab35DN/nSyb-GAL4andsky2/Df; rab5DN/nSyb-GAL4 t
while some that expressRab35DN survive toadulthood (not shown). Survival of rab35
(D–N) 1 min 90 mM KCl FM 1-43 dye loading and quantification of accumulati
rab35DN/nSyb-GAL4 (H), rab35Df/+ (I), rab35Df/+; sky2/Df (J), rab35NP/+(K), rab35NP/
5 mm. t test: ns, not significant; p < 0.01, error bars represent the SEM. nR 5 an
(O) Quantification of SytI accumulations per bouton area in control (nSyb-GAL4/+
ns not significant; *p < 0.05, **p < 0.01; nR 5 animals per genotype. Error bars
(P–Q) Immunolabeling of L3 control (FRT40A) NMJs with a-HRP (green) and a
Rab35 localizes similar to Sky. Scale bar in (P) represents 20 mm.
See also Figure S4 and Table S2.(Figures 7E, 7H, and 7K), in line with the idea that increased
endosomal traffic facilitates synaptic vesicle protein sorting. To
determine if the improved clearance of Ub-nSybHA in sky
mutants is ESCRT-dependent, we created sky mutant animals
that are heterozygous for hrs and also express Ub-nSybHA or
nSybHA (Figure 7F, 7I, and 7L). While lack of one copy of hrs
does not affect Ub-nSybHA levels in controls (Figure 7F, first
two bars), Ub-nSybHA levels in sky mutants that lack a copy of
hrs are significantly higher than Ub-nSybHA levels in skymutants
(Figures 7F, last two bars, 7K, and 7L). Thus, our data suggest
a model where in sky mutants, ubiquitinated proteins are more
efficiently shuttled for degradation leaving a more performant
pool of synaptic vesicle proteins to populate theRRP (Figure 7M).
DISCUSSION
Trafficking of Synaptic Vesicles via Endosomes
in sky Mutants
Synaptic vesicles recycle locally at the synapse, and we now
provide genetic evidence that the synapse holds the capacity
to regulate the sorting of synaptic vesicle proteins at 2xFYVE
and Rab5 positive endosomes. 2xFYVE-GFP positive endo-
somes involved in signaling pathways exist at nerve endings
(Kim et al., 2010). Likewise, membrane invaginations and endo-
somal-like cisternae form as a result of bulk membrane uptake
during intense nerve stimulation, and in various endocytic
mutants (Clayton and Cousin, 2008; Heuser and Reese, 1973;
Verstreken et al., 2009; Vijayakrishnan et al., 2009). However,
our data indicate that endosomes that accumulate in skymutants
are fundamentally different from these ‘‘endocytic cisternae.’’
First, endocytic cisternae are not enriched for the endosomal
markers 2xFYVE and Rab5. Second, endosomal structures in
sky mutants do not appear to directly form at the plasma
membrane. Third, endocytic cisternae may directly fuse with
themembrane, however, based on ourmEJC and TEManalyses,
sky induced endosomes appear to function as an intermediate
station. Note that FM 1-43 dye can enter and leave endosomes
in sky mutants, suggesting small synaptic vesicles can form
at these structures. Together with our time-course experiments
in skymutants, endosomes specifically accumulate upon stimu-
lation and dissipate during rest. Therefore, our data suggest that
endosomes in skymutants constitute an intermediate step in the
synaptic vesicle cycle. Such a compartment may also be opera-
tional in wild-type synapses because a 2xFYVE-GFP endosomald nSyb>rabCA. Arrows: sub-boutonic FM 1-43 accumulations. Scale bar in (A)
oncentrations of HIS-Sky (mM). Solid lines are fitted curves of the pseudo-first-
s of GST-Rab35, GST-Rab23 and GST-Rab5 with HIS-Sky.
o theL3stage relative tosky2/Df.Noskymutants thatexpressRab5DNsurvive toL3,
DN/nSyb-GAL4and rab5DN/nSyb-GAL4 is similar tonSyb-GAL4 (datanot shown).
ons (D) in controls (FRT40A) (E), sky2/Df (F), rab35DN/nSyb-GAL4 (G), sky2/Df;
+; sky2/Df (L), rab5Df/+ (M) and in rab5Df/+, sky2/Df (N). Scale bar in (E) represents
imals per genotype.
) in rab35DN/nSyb-GAL4, in sky2/Df and in sky2/Df; rab35DN/nSyb-GAL4. t test:
represent the SEM.
nti-Rab35 (magenta) (P) and of GFP-sky+ (green) and anti-Rab35 (magenta).
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Figure 6. Neurotransmitter Release and the Readily Releasable Pool Are Increased in sky Mutants
(A and B) EJPs recorded in 0.5 mM Ca2+ (A) and quantification of EJP amplitude recorded in 0.3-1 mM Ca2+ (B) from controls (FRT40A) and sky mutants. n > 5
animals per condition. Error bars: SEM; t test: *: p < 0.05, **: p < 0.01.
(C–E)EJCs (C), quantification of EJCamplitude (60EJCs recordedat 1Hzper animal, (D) and junctional quantal content (EJC/mEJC, (E) recorded in 0.5mMCa2+, in
controls, sky mutants and mutants that express wild-type Sky. The average mEJC amplitude for each genotypes in (C)–(G) not statistically different from the
respective control, ANOVAand t test (data not shownandFigure 3A). Error bars represent theSEM; n, numberof animals tested; t test: ns, not significant; **p <0.01.
(F–G) Average EJC amplitude (F) and junctional quantal content (G) recorded in 0.5 mM Ca2+ relative to controls (nSyb-GAL4/+) in sky2/Df and in nSyb>rab5CA,
nSyb>rab23CA, nSyb>rab35CA, nSyb>rab35DN, and in sky2/Df; nSyb>rab35DN. Error bars represent the SEM; n, number of animals tested; t test: ns, not significant;
*p < 0.05, **p < 0.01.
(H and I) Sample EJC traces recorded at 100 Hz in 5 mM external Ca2+ from controls (FRT40A) and sky1/2 (H) and the cumulative released quantal content versus
stimulus number (I). The slope of the trendline at steady state (points 20–40) determines the RRP refilling rate (dotted lines) and its y intercept measures the RRP
size. Error bars represent the SEM.
(J) Calcium imaging using G-CaMP1.6 in UAS-G-CaMP1.6/Y; nSyb-GAL4/+ (grey-black) and in UAS-G-CaMP1.6/Y; sky1/2; nSyb-GAL4/+ (green) during 0.2–1 s
100Hz stimulation. Fluorescence changes (delta F) are reported relative to G-CaMP1.6 fluorescence intensity prior to stimulation (Fo). n > 4 animals per condition,
differences not statistically different (ANOVA). See also Movie S3 and Movie S4.
(K–M) Average charge transfer induced by puffing 0.5M sucrose over the NMJ in control (FRT40A) and in sky2/d0 during the periods indicated (K and L) and sample
traces (M). Error bars represent the SEM; n, number of animals tested; t test: *p < 0.05.
See also Figure S5.
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compartment can be largely depleted from synaptic vesicles
upon endocytic blockade and because synaptic vesicles harbor
proteins that are also commonly found on endosomes (Rizzoli
et al., 2006; Wucherpfennig et al., 2003).
Skywalker GAP and Rab35 Control Endosomal
Trafficking of Synaptic Vesicles
Rab GTPases are involved in numerous intracellular trafficking
events (Zerial andMcBride, 2001). In particular in synaptic vesicle
traffic, Rab3, and its close isoformRab27havebeen implicated in
vesicle tethering and/or priming (Mahoney et al., 2006; Schluter
et al., 2006), while Rab5 has been also implicated in endocytosis
(Shimizu et al., 2003; Wucherpfennig et al., 2003). However, an
involvement of Rab proteins in other aspects of the synaptic
vesicle cycle, including recycling, remains enigmatic. Our
systematic analysis of CA Rabs now implicates several Rabs in
synaptic recycling. First, consistent with previous results, the
data suggest that Rab5 mediates transport to synaptic endo-
somes (Zerial andMcBride, 2001). Second,Rab7CAandRab11CA
appear to inhibit new vesicle formation (Figure S4A), likely by
controlling post endosome trafficking (Zerial and McBride,
2001). Finally, we find Rab23CA and Rab35CA to mediate trans-
port to or retention of synaptic vesicles at sub-boutonic struc-
tures. Neither of these Rabs had yet been implicated in synaptic
vesicle traffic and hence, our in vivo studies identified different
Rab proteins involved in aspects of the synaptic vesicle cycle.
TheexpressionofRab5CAandRab35CA results in increased traf-
ficking of vesicles to -or retention of vesicles at- sub-boutonic
structures, and unlike expression of Rab23CA, Rab5CA and
Rab35CA also result in a facilitation of neurotransmitter release
similar to sky mutants. Rab35 has been found to localize to the
plasma membrane (Sato et al., 2008) and we show enrichment at
NMJ boutons close to the membrane as well. Rab35 has been
implicated in endosomal, clathrin-dependent traffic, phagocytic
membrane uptake in non-neuronal cells and actin filament assem-
bly duringDrosophila bristle development (Allaire et al., 2010; Sato
etal., 2008;Shimetal., 2010;Zhangetal., 2009).Given these roles,
Rab35 is ideally posed toalsoplaya role in the endosomal trafficof
synaptic vesicles, and our in vitro and in vivo genetic interaction
studies indicate Sky to be a Rab35 GAP in synaptic vesicle traf-
ficking. Although Rab5 mediates endosomal traffic in different
cell types (Zerial and McBride, 2001), our data indicate that Sky
is not a GAP for Rab5 in vivo at the synapse. While we do not
exclude Sky to also activate the GTPase activity of alternative
Rabs in different contexts, our results suggest a Sky-Rab35 part-
nership that restricts endosomal trafficking of synaptic vesicles.
Skywalker in the Synaptic Vesicle Cycle
In most cell types the ESCRT complex mediates sorting of ubiq-
uitinated proteins into multivesicular bodies (reviewed in Raiborg
and Stenmark, 2009); however, such a function has not been
characterized for synaptic vesicle components. Here, we
provide evidence that the ESCRT complex mediates synaptic
vesicle protein sorting in sky mutants where synaptic vesicles
cycle excessively via endosomes. We find genetic interactions
with ESCRT genes. In addition, we also find more efficient clear-
ance of an artificially ubiquitinated synaptic vesicle protein, Ub-
nSybHA, in sky mutants, and this effect is ESCRT dependent.Combined, the data indicate endosomal sorting to control the
quality of proteins in the synaptic vesicle cycle in sky mutants.
Increased transmitter release as a result of endosomal sorting
e.g. in sky mutants, may appear beneficial in some instances,
however in inhibitory neurons for example, such an effect could
result in reduced neuronal signaling while in excitatory neurons
this feature could over activate postsynaptic cells. Clearly, fine-
tuned neurotransmission in neuronal populations may ensure
optimal information flow, and misregulation of Sky activity in
neuronal populations may cause systemic defects including
larval paralysis and death. Further underscoring this notion, in
humans,mutations in theSkyorthologue TBC1D24are causative
of focal epilepsy (Corbett et al., 2010; Falace et al., 2010).
The sorting mechanism uncovered by loss of Sky function or
upon expression of Rab35CA may address the use-dependent
decline in protein- or lipid-function at synapses, and the contin-
uous need to rejuvenate the synaptic vesicle protein pool. In
addition, it may also constitute a mechanism to remove inappro-
priately endocytosed membrane components from the vesicle
pool. The trafficking pathway inhibited by Sky may also yield
the ability of synapses to adapt the functional properties of their
synaptic vesicles, thus controlling the nature or abundance of
proteins involved in vesicle fusion and neuronal signaling.
EXPERIMENTAL PROCEDURES
Genetics
Larvae were grown on grape juice plates with fresh yeast paste. Deficiencies,
mutant and transgenic stocks were obtained from the Bloomington stock
center and from Harvard University or were gifts (Dyer et al., 2007; Wucherp-
fennig et al., 2003; Yao et al., 2009). Survival rates were determined by
following the development of groups of 100 embryos per genotype.
Molecular Biology and Biochemistry
UAS-sky, UAS-nSybHA, and UAS-Ub-nSybHA were obtained by standard
cloning procedures and as described (Raiborg et al., 2002). sky+ andGFP-sky+
constructs were generated by recombineering (Venken et al., 2006; Venken
et al., 2008). Primers are listed in Table S2, and transgenics were created using
phi-C-31 transformation.
Quantitative RT PCR was performed using standard procedures with
primers in Table S2.
GST-Rab5, GST-Rab23, GST-Rab35, and HIS-Sky proteins were ex-
pressed using the manufacturer’s protocols (MoleculA, GE Healthcare, and
Novagen) and Rat Sky antibodies against HIS-Sky were produced and purified
at Eurogentec.
The single-turnover kinetics of intrinsic andGAP-acceleratedGTP hydrolysis
ofRab5,Rab23, andRab35weremeasuredasdescribed (Panet al., 2006) using
the EnzChek phosphatase kit (Invitrogen). A360 was monitored every 16 s with
an ultrospec 2100 pro UV spectrophotometer (Biochrom LTD) and data were
fitted to a pseudo-first-order Michaelis-Menten model: A(t) = (AN - A0)
(1-exp(-kobst)) + A0, where kobs = kintr + (kcat/Km) [GAP] using GraphPad Prism
5.03 (Pan et al., 2006). kcat/Km values were determined from at least three
sets of experiments with each three different Sky concentrations.
Immunohistochemistry
Larvae were dissected in HL-3, fixed for 20min in 3.7% formaldehyde (5 min in
Bouin’s for anti-VGlut) and labeled with antibodies. For stimulation, fillets were
incubated in HL-3 with 90 mM KCl for 1 min and fixed or left to rest in HL-3
(replaced every 10–15 min) prior to fixing. Rab5-GFP, Rab4-GFP and
2xFYVE-GFP were imaged without anti-GFP staining. Images were captured
on a Zeiss 510 Meta confocal microscope with a 633 1.4NA oil lens and
labeling intensities normalized to anti-HRP labeling were determined with
ImageJ (Verstreken et al., 2009). Numbers of accumulations per synapticCell 145, 117–132, April 1, 2011 ª2011 Elsevier Inc. 129
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area were manually quantified. To determine colocalization between vesicle
markers and endosomal markers, both data sets were manually thresholded
and multiplied. The resulting area was normalized to the vesicle marker area.
FM 1-43 and Photoconversion
FM 1-43 labeling, unloading and quantification of intensities was performed as
described (Verstreken et al., 2008). Images were captured with a Zeiss
510Meta confocal microscope and 633 1.0 NA W lens.
Photoconversion of DAB using FM 1-43 fluorescence was performed using
20 min illumination of samples through a 403 0.8 NA W lens on a Nikon FN1
microscope with an Intensilight (C-HGFI, Nikon) light source filtered through
a standard FITC filter similar to Vijayakrishnan et al., 2009.
Electron Microscopy
TEM and quantification of data was performed as in Kasprowicz et al., 2008.
Fillets were either fixed (unstimulated), stimulated for 1 min in HL-3 with
90 mM KCl and then fixed (stimulated) or washed for 1 hr and then fixed (stim-
ulation + 1 hr rest).
Serial-tilt EM for tomography was performed on 200–300 nm thick sections
collected on formvar-carbon coated grids (Laborimpex, Agar Scientific),
covered with colloidal gold particles (15 nm-fiducial marker) at 200 kV. Micro-
graphs were recorded from 60 to 60 at 2 intervals. 3D-reconstructions
were obtained using R-weighted back-projection in IMOD (Kremer et al.,
1996) and manually segmented in IMOD.
Electrophysiology and Calcium Imaging
Voltage clamp (at -70 mV) and current clamp in L3s were performed onmuscle
6 in segment A2 in HL-3 and quantified as described (Khuong et al., 2010).
Quantal content was determined as EJC/mEJC and for shits1 recordings,
animals were kept at 33C and motor neurons stimulated at 10 Hz. Total
quantal content was determined as summed EJC/ average mEJC amplitude.
RRP size using the cumulative quantal content method was determined by
stimulating at 100 Hz for 400 ms and EJC amplitudes were quantified relative
to the initial baseline (corrected for drift). In a cumulative EJC amplitude plot,
the trendline slope through 200–400 ms determines RRP refilling rate and
the y-intercept is the RRP size (Rosenmund and Stevens, 1997).
RRPsize using sucroseapplicationwasdeterminedbymeasuring thecharge
transfer (at 70 mV) during application of 0.5 M sucrose that was puffed from
a tip placed close to the NMJ on M6/7 in segment A2 in HL-3 without CaCl2.
G-CaMP1.6 was expressed using nSyb-Gal4 and Ca2+ influx at NMJ bou-
tons was measured as described (Hendel et al., 2008). Animals were bathing
in HL-3with 5mMCaCl2 and 100 mM1-Naphthylacetyl spermine trihydrochlor-
ide (an AMPA receptor blocker that suppresses muscle contractions in
Drosophila larvae) (Sigma). Imageswere captured every 385ms using a cooled
CCD camera (Andor DR-328G-CO1-SIL) and a 603 1.0NA W lens on a Nikon
FN1 microscope. Quantification and signal processing were performed as
described (Hendel et al., 2008).
ACCESSION NUMBERS
The GenBank accession number for the sky (CG9339) sequence is Gene ID:
35359.Figure 7. Synaptic Vesicle Proteins Are Sorted at Endosomes in sky M
(A) Average EJC amplitudes recorded in 0.5 mM calcium of control (FRT40A),
for these ESCRT complex components. Error bars represent the SEM; n, numbe
(B–D) FM 1-43 labeling (C and D) and quantification of boutonic accumulations (B
represent the SEM. t test: *p < 0.05, **p < 0.01. nR 5 per genotype.
(E–L) Anti-HA (magenta) and anti-HRP labeling (green) (G–L) and quantificatio
(nSyb-GAL4/UAS-nSybHA) (E and G) or to controls expressing Ub-nSybHA (nSy
and H), in sky1/2; nSyb-GAL4/UAS-Ub-nSybHA (E, F, and K), in hrs/+; nSyb-GAL
sky2; nSyb-GAL4/UAS-Ub-nSybHA (F and L). Anti-HA levels in sky1 hrs/sky2; nS
GAL4/UAS-nSybHA (data not shown). Error bars represent SEM. nR 7 animals
(M) Model.
See also Figure S6 and Table S1.SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures,
six figures, two tables, and fourmovies and can be foundwith this article online
at doi:10.1016/j.cell.2011.02.039.
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